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We measure the cross section and the difference in rapidities between photons and charged leptons for
inclusive Wð! lÞ þ  production in e and  final states. Using data corresponding to an integrated
luminosity of 4:2 fb1 collected with the D0 detector at the Fermilab Tevatron Collider, the measured
cross section times branching fraction for the process p p! Wþ X ! lþ X and the distribution of
the charge-signed photon-lepton rapidity difference are found to be in agreement with the standard model.
These results provide the most stringent limits on anomalous WW couplings for data from hadron
colliders: 0:4< < 0:4 and 0:08<  < 0:07 at the 95% C.L.
DOI: 10.1103/PhysRevLett.107.241803 PACS numbers: 13.85.Qk, 12.15.Ji, 12.60.i
The electroweak component of the standard model
(SM) has been remarkably successful in describing experi-
mental results. The WW vertex is one example of self-
interactions of electroweak bosons that are a consequence
of the non-Abelian SUð2ÞL Uð1ÞY gauge symmetry of
the SM. In this Letter we use the process p p! W! l
(l ¼ e, ) to study this vertex and to search for any
anomalous departure from SM WW couplings.
An effective Lagrangian parameterizes the WW cou-
plings with two parameters,  and  [1,2], under the
assumptions of electromagnetic gauge invariance, charge
conjugation (C), parity (P), and CP conservation. The 
and  couplings are related to the magnetic dipole and
electric quadrupole moments of the W boson [1,2]. In the
SM,  ¼ 1 and  ¼ 0, and it is customary to introduce
into the notation the difference     1.
To assure that the W cross section does not violate
unitarity, a form factor, with a common scale  for each
non-SM coupling parameter, is introduced to modify the
terms as a0 ! a0=ð1þ s^=2Þ2, where a0 ¼ , , and s^
is the square of the partonic center-of-mass energy. In this
analysis, the scale  is set to 2 TeV. Contributions from
anomalous couplings will increase the W production
cross section and yield photons of higher energy than in
the SM process[2].
In the SM, tree level production of a photon in association
with a W boson occurs due to prompt W production via
the diagrams shown in Fig. 1 or via final state radiation,
where a lepton from theW boson decay radiates a photon. It
is an important property of the SM prediction at leading
order that the interference between the amplitudes in Fig. 1
produces a zero in the totalW yield at a specific angle 
between theW boson and the incoming quark [3] in theW
rest frame. Since in hadronic collisions the longitudinal
momenta of neutrinos from W decay cannot be measured,
the angle  at which the radiation amplitude is zero is




difficult to measure directly. However, the radiation ampli-
tude zero is also visible in the charge-signed photon-lepton
rapidity difference as a dip around1=3 [4].
In this Letter, we present measurements of the cross
section and the distribution of the charge-signed photon-
lepton rapidity difference for W production as well as a
search for anomalous WW couplings, using data corre-
sponding to an integrated luminosity of 4:2 0:3 fb1
collected by the D0 detector at
ffiffi
s
p ¼ 1:96 TeV at the
Fermilab Tevatron Collider. W production has been
studied previously at hadron colliders [5–9]. The latest
published D0 results [8] represent the most stringent con-
straints on anomalous WW couplings, and include the
first study of the charge-signed photon-lepton rapidity
difference at a hadron collider. The results of the present
analysis provide a significant improvement in the sensitiv-
ity toWW couplings through a nearly factor of 6 increase
in data and by using an artificial neural network for photon
identification.
The D0 detector [10] comprises a central tracking
system in a 2 T superconducting solenoidal magnet, sur-
rounded by a central preshower (CPS) detector, a liquid-
argon sampling calorimeter, and an outer muon system.
The tracking system, a silicon microstrip tracker and a
scintillating fiber tracker, provides coverage for charged
particles in the pseudorapidity range jj< 3 [11]. The
CPS is located immediately before the inner layer of the
calorimeter, and has about 1 r.l. of absorber, followed by
several layers of scintillating strips. The calorimeter con-
sists of a central sector (CC) with coverage of jj< 1:1,
and two end calorimeters (ECs) covering up to jj  4:2.
The electromagnetic (EM) section of the calorimeter is
segmented into four longitudinal layers (EMi, i ¼ 1, 4)
with transverse segmentation of  ¼ 0:1 0:1
[11], except in EM3, where it is 0:05 0:05. The muon
system resides beyond the calorimeter and consists of a
layer of tracking detectors and scintillation trigger counters
before the 1.8 T iron toroidal magnet, followed by two
similar layers after the toroid. The coverage of the muon
system corresponds to jj< 2.
Candidate events with the W boson decaying into an
electron and a neutrino are collected using a suite of single-
electron triggers. The electrons are selected by requiring
an EM cluster in either the CC (jj< 1:1) or ECs (1:5<
jj< 2:5) with transverse energy ET > 25 GeV contained
within a cone of radius R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðÞ2 þ ðÞ2p ¼ 0:2
centered on the axis of the EM shower. At least 90% of
the cluster energy must be deposited in the EM section of
the calorimeter. In addition, electron candidates are re-
quired to be isolated in the calorimeter and in the tracking
detector, have a shower shape consistent with that of an
electron, and a spatial match to a track. A multivariate
likelihood discriminant, which includes information from
the spatial track match, must be consistent with that for an
electron. An artificial neural network is trained using in-
formation from the tracker, calorimeter, and CPS detectors
to further reject background from jets misidentified as
electrons. The event missing transverse energy, 6ET [12],
must exceed 25 GeV, and the transverse mass of the W
boson, MT [13], must exceed 50 GeV. To reduce the
background from Z= ! ee, where an electron is mis-
identified as a photon because of tracking inefficiency, the
azimuthal angle between the electron and photon is re-
quired to be e < 2.
Candidate events with the W boson decaying into a
muon and a neutrino are also collected using a suite of
single-muon triggers. The muons are required to be
within jj< 1:6, isolated in both the tracker and the calo-
rimeter, and matched to a track with transverse momentum
pT > 20 GeV. To suppress the Z=
 !  background,
the 6ET in the event must exceed 20 GeV, MT must exceed
40 GeV, and there must be no additional muons or tracks
with pT > 15 GeV.
The photon candidates in both the electron and
muon channels are required to have transverse energy
ET > 15 GeV within a cone of radius R ¼ 0:2 centered
on the EM shower. In addition, photon candidates are
required to be either in the CC (jj< 1:1) or ECs (1:5<
jj< 2:5) and must satisfy the following requirements:
(i) at least 90% of the cluster energy is deposited in the
EM calorimeter; (ii) the calorimeter isolation variable I ¼
½Etotð0:4Þ  EEMð0:2Þ=EEMð0:2Þ< 0:15, where Etotð0:4Þ
is the total energy in a cone of radius R ¼ 0:4 and
EEMð0:2Þ is the EM energy in a cone of radius R ¼ 0:2;
(iii) the energy-weighted cluster width in the EM3 layer is
consistent with that for an EM shower; (iv) the scalar sum
of the pT of all tracks, p
sum
Ttrk
, originating from the interac-
tion point in an annulus of 0:05<R< 0:4 around the
cluster is less than 2.0 (1.5) GeV for a cluster in the CC
(ECs); (v) the EM cluster is not spatially matched to either
a reconstructed track, or to energy depositions in the
silicon microstrip tracker or scintillating fiber tracker de-
tectors that lie along the trajectory of an electron [14];
and (vi) the output of an artificial neural network (ONN)
[15], that combines information from a set of variables
sensitive to differences between photons and jets in the
tracking detector, the calorimeter, and the CPS detector, is














FIG. 1 (color online). Feynman diagrams for prompt W
production.




radiation, the photon and the lepton must be separated by
Rl > 0:7, and the three-body transverse mass [4] of the
photon, lepton, and missing transverse energy must exceed
110 GeV. Furthermore, events are accepted only if the p p
interaction vertex is reconstructed within 60 cm of the
center of the D0 detector along the beam axis.
Trigger and lepton identification efficiencies are mea-
sured using Z! ll (l ¼ e, ) data. Parts of the photon
identification efficiency which rely exclusively on calo-
rimeter information are also determined using Z! ee
data. The photon track veto efficiencies are determined
using Z! lþl events, where the photons are radiated
from charged leptons in Z boson decays. The selected data
sample is contaminated by the following backgrounds:
(i) W þ jet events with a jet misidentified as a photon;
(ii) ‘‘leX’’ events with a lepton, electron, and 6ET with the
electron misidentified as a photon; (iii) Z! ll events
containing an unidentified lepton; and (iv) W! 	
events with the 	 decaying to e or . A Monte Carlo
(MC) simulation is used to model the W signal, as well
as the Z! ll andW! 	 backgrounds. The signal
is simulated using the Baur and Berger leading order event
generator [2], interfaced to PYTHIA [16] for subsequent
parton showering and hadronization. The shape and nor-
malization of the signal ET spectrum are reweighted to the
next-to-leading order prediction [4]. The acceptance of the
kinematic and geometric requirements for this analysis is
calculated using this ET-weighted signal MC calculations.
The Z! ll and W! 	 background processes are
simulated with PYTHIA. All MC events are generated using
the CTEQ6L1 [17] parton distribution functions, followed
by a GEANT [18] simulation of the D0 detector. To accu-
rately model the effects of multiple p p interactions and
detector noise, data from random p p crossings are overlaid
on the MC events. The instantaneous luminosity spectrum
of these overlaid events is matched to that of the events
used in the data analysis. The simulated events are pro-
cessed using the same reconstruction code that is used
for data.
W þ jet production is the dominant background for both
the electron and muon channels. To estimate this back-
ground, the fraction of jets that pass the photon selection
criteria but fail either the psumTtrk or the shower width require-
ment, as determined by using a multijet data sample, is
parameterized as a function of ET and . The background
from W þ jet production is then estimated starting from a
data sample obtained by reversing the requirements either
on psumTtrk or on the shower width requirement, and applying
the same parameterization. As a cross-check, the W þ jet
background is also estimated through a fit to the ONN
distribution in data, using MC templates constructed
from generated photon and jet events. The result is in
good agreement with that obtained from the ratio method.
The ‘‘leX’’ background is also estimated from an orthogo-
nal data sample by requiring the electron candidate to be
matched to a high-quality track. The number of ‘‘leX’’
events is obtained by using this orthogonal data sample,
taking into account the ratio of the track—matching in-
efficiency to the track matching efficiency obtained from
Z! ee data. Events in the electron channel that have both
the electron and photon in the ECs are excluded from this
analysis, because of the poor acceptance for signal and the
presence of overwhelming background. The number of
predicted and observed events in both the electron and
muon channels are summarized in Table I.
The sources of systematic uncertainty that affect the
signal acceptance and the background normalization in-
clude: integrated luminosity (6.1%), trigger efficiency
(5%), electron identification (3%), muon identification
(3%), photon identification (3%), track veto (0.9%), signal
acceptance due to uncertainties on parton distribution
functions (0.4%), predicted cross sections for Z! ll
(4%) and W! 	 (3%), and estimation of W þ jet
background (10%).
The measured cross sections multiplied by the
branching fractions for 
ðp p! Wþ X ! lþ XÞ
for photons with ET > 15 GeV and Rl > 0:7 are
TABLE I. Number of predicted and observed events with
statistical and systematic uncertainties.
e channel  channel
W þ jet 33:9 3:7 64:6 6:8
leX 1:1 0:6 2:1 0:7
Z! ll 1:8 0:3 17:6 1:9
W! 	 2:3 0:3 5:4 0:6
Total background 39:1 3:8 89:7 7:2
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FIG. 2. The charge-signed photon-lepton rapidity difference
(Ql  ð  lÞ, where Ql is the charge of the lepton) in
background-subtracted data compared to the SM expectation
for the combined electron and muon channels. The
background-subtracted data are shown as black points with error
bars representing their total uncertainties. The SM signal pre-
diction is given by the solid line, with the shaded area represent-
ing its uncertainty.




7:9 0:7ðstatÞ  0:7ðsystÞ pb for the electron channel,
and 7:4 0:5ðstatÞ  0:7ðsystÞ pb for the muon channel.
The detector resolution effects that would result in some
of the events failing the ET > 15 GeV and Rl > 0:7
requirements at the generator level but passing them at
the reconstructed-object level have been taken into ac-
count. Taking into account the correlation in systematic
uncertainties, the combined results yield a cross section
multiplied by the branching fraction of 7:6 0:4ðstatÞ 
0:6ðsystÞ pb, which is in good agreement with the SM
expectation of 7:6 0:2 pb.
The charge-signed photon-lepton rapidity difference for
the combination of the two channels is shown in Fig. 2.
Because of significant charge misidentification of EC elec-
trons, only events with CC electrons are used in Fig. 2.
The background-subtracted data are in good agreement
with the SM prediction, and a 2 test comparing the
background-subtracted data with the SM prediction yields
4.6 for 11 degrees of freedom.
The photon ET distributions in Fig. 3 show good agree-
ment between data and the SM prediction. Therefore, we
use the photon ET spectra to derive limits on anomalous
WW trilinear couplings using a binned likelihood fit to
data. The likelihood is calculated assuming Poisson statis-
tics for the number of events in the data, the signal, and the
background. All systematic uncertainties on sources of
background, efficiencies, and luminosity are assumed
to be Gaussian, and their correlations are taken into
account in the fit. The 95% C.L. limits on the WW
coupling parameters are shown in Fig. 4, with the contour
defining the two-dimensional exclusion limits. The one-
dimensional 95% C.L. limits are 0:4< < 0:4 and
0:08<  < 0:07, which are obtained by setting one
coupling parameter to the SM value and allowing the other
to vary.
In summary, we have studiedW production using data
corresponding to an integrated luminosity of 4:2 fb1 col-
lected by the D0 detector at the Fermilab Tevatron Collider.
The cross section multiplied by the branching fraction for
the process p p! Wþ X ! lþ X is measured to be
7:6 0:4ðstatÞ  0:6ðsystÞ pb, which is in good agreement
with the SM expectation of 7:6 0:2 pb for ET > 15 GeV
and Rl > 0:7. The distribution of the charge-signed
photon-lepton rapidity difference has a minimum near
Ql  ð  lÞ ¼ 1=3, consistent with the SM predic-
tion. We also set the most stringent limits on anomalous
WW couplings at a hadron collider, with the one-
dimensional parameters restricted to 0:4<  < 0:4
and 0:08<  < 0:07, at the 95% C.L.
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FIG. 3. Photon transverse energy distributions for background-
subtracted data compared to the expectation for the SM and for
one choice of anomalous couplings for the combined electron
and muon channels. The background-subtracted data are shown
as black points with uncertainties representing the associated
statistical and systematic uncertainties. The SM prediction is
given by the solid line, with the shaded area representing its
uncertainty. The effect of one example of anomalous couplings is
represented by the dashed line. The last ET bin shows the sum of
all events with ET > 130 GeV. The inset shows the distributions
in the last two bins of ET .
γκ∆










FIG. 4. Limits on the WW coupling parameters  and .
The ellipse represents the two-dimensional 95% C.L. exclusion
contour. The one-dimensional 95% C.L. limits are shown as the
vertical and horizontal lines.




**Visitor from Centro de Investigacion en Computacion -
IPN, Mexico City, Mexico.
††Visitor from ECFM, Universidad Autonoma de Sinaloa,
Culiac´an, Mexico.
‡‡Visitor from Universita¨t Bern, Bern, Switzerland.
[1] K. Hagiwara et al., Nucl. Phys. B 282, 253 (1987).
[2] U. Baur and E. L. Berger, Phys. Rev. D 41, 1476 (1990).
[3] K. O. Mikaelian, Phys. Rev. D 17, 750 (1978); K. O.
Mikaelian, M.A. Samuel, and D. Sahdev, Phys. Rev.
Lett. 43, 746 (1979); R.W. Brown, D. Sahdev, and K.O.
Mikaelian, Phys. Rev. D 20, 1164 (1979).
[4] U. Baur, T. Han, and J. Ohnemus, Rev. Drug Metab. Drug
Interact. 48, 5140 (1993); U. Baur, S. Errede, and G.
Landsberg, Phys. Rev. D 50, 1917 (1994).
[5] J. Alitti et al. (UA2 Collaboration), Phys. Lett. B 277, 194
(1992).
[6] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
94, 041803 (2005).
[7] V.M. Abazov et al. (D0 Collaboration), Phys. Rev. D 71,
091108 (2005).
[8] V.M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
100, 241805 (2008).
[9] CMS Collaboration, Phys. Lett. B 701, 535 (2011).
[10] V.M. Abazov et al. (D0 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 565, 463 (2006).
[11] Pseudorapidity is defined as  ¼  ln½tanð=2Þ, where 
is the polar angle relative to the proton beam direction. 
is defined to be the azimuthal angle in the plane transverse
to the proton beam direction.
[12] V.M. Abazov et al. (D0 Collaboration), Phys. Lett. B 698,
6 (2011).
[13] J. Smith, W. L. van Neerven, and J. A.M. Vermaseren,
Phys. Rev. Lett. 50, 1738 (1983).
[14] V.M. Abazov et al. (D0 Collaboration), Phys. Lett. B 659,
856 (2008).
[15] V.M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
102, 231801 (2009).
[16] T. Sjo¨strand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026. We use PYTHIA version v6.409 and
disable the diagrams corresponding to final state radiation
of photons since their contribution is already included in
the Baur and Berger event generator.
[17] J. Pumplin et al., J. High Energy Phys. 07 (2002) 012; D.
Stump et al., J. High Energy Phys. 10 (2003) 046.
[18] R. Brun and F. Carminati, CERN Program Library Long
Writeup W5013 (1993); we use GEANT version v3.21.
PRL 107, 241803 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
9 DECEMBER 2011
241803-7
